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1. Chemistry 
1.1. General remarks 
All reactions were performed in anhydrous solvents and under argon atmosphere unless 
stated otherwise. Reaction progress was monitored by MS using an Agilent Technologies 
6120. Column chromatography was performed using ACROS basic alumina, Brockmann I, 
60A (50-200 µm). 1H and 13C NMR spectra were obtained at room temperature with a Bruker 
500 MHz spectrometer. Chemical shifts (δ) are reported in ppm (s = singlet, d = doublet, t  = 
triplet, m = multiplet, br = broad) and referenced from tetramethyl silane or from solvent 
references. NMR coupling constants (J) are reported in Hertz. 
1.2. Synthesis of 1,7-bis-alkylated diethylenetriamine 4a-c 
General procedure A. Selective di-alkylation of diethylenetriamine 1 by reductive 
amination: Diethylenetriamine (5.0 mL, 46.1 mmol) was added to a solution of aldehyde (2 
eq) in abs. EtOH (350 mL). The mixture was heated to 50°C for 2 h, cooled down to room 
temperature. NaBH4 (8.7 g, 369 mmol) was added carefully and then the mixture was heated 
back to 50°C for 2h. The solvent was then removed under reduced pressure and the 
residues were dissolved in a 1M NaOH aqueous solution (250 mL) and extracted with DCM 
(3 x 250 mL). The organic phases were combined, washed with a 1M NaOH aqueous 
solution (250 mL) and dried over Na2SO4. 
1,7-dibenzyl-diethylenetriamine tris hydrochloride (4a): The 
compound was synthesized by following procedure A from 
benzaldehyde. The DCM solution was concentrated to half its volume 
and treated with conc. HCl (12.5 mL, 37%). The resulting precipitate 
was filter through a sintered glass funnel and washed with DCM and 
Ether. 4a was obtained as a colourless powder (17.2 g, 95 % yield). 1H 
NMR (300 MHz, D2O) δ 7.44 (m, 10H), 4.26 (s, 4H), 3.38 (s, 8H). MS (ESI) C18H26N3 [M + H]
+ 
284.2. 
1,7-bis(4-methoxybenzyl)-diethylenetriamine tris 
hydrochloride (4b): The compound was synthesized by following 
procedure A from p-anysaldehyde. The DCM solution was 
concentrated to half its volume and treated with conc. HCl (12.5 mL, 
37%). The resulting precipitate was filter through a sintered glass 
funnel and washed with DCM and Ether. 4b was obtained as a 
colourless powder (19.79 g, 96 % yield). 1H NMR (300 MHz, D2O) δ 7.34 (d, 4H), 6.97 (d, 
4H), 4.16 (s, 4H), 3.75 (s, 6H), 3.39 (s, 8H). MS (ESI) C20H30N3O2 [M + H]
+ 344.2 
1,7-bis(pyridin-2-ylmethyl)-diethylenetriamine (4c): The compound 
was synthesized by following procedure A from 2-pyridinecarboxaldehyde. 
The DCM solution was dried over Na2SO4 and the solvent was removed 
under reduced pressure to give 4c as a reddish oil (11.4 g, 92 % yield). 1H 
NMR (300 MHz, CDCl3) δ 8.52 (d, 1H), 8.43 (d, 1H), 7.60 (m, 2H), 7.49 (d, 
1H), 7.35 (d, 1H), 7.11 (m, 2H), 3.98 (d, 1H), 3.71 (s, 2H), 3.61 (d, 1H), 
3.25 (m, 1H), 3.12 (m, 1H), 2.99-2.87 (m, 3H), 2.75 (d, 1H), 2.53-2.41 (m, 4H), 2.13 (t, 1H). 
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13C NMR (76 MHz, CDCl3) δ 159.6, 158.3, 149.2, 148.7, 136.4 (d), 123.2, 122.7, 122.0, 
121.9, 81.3, 64.3, 56.7, 52.0, 51.4, 50.4, 50.0. HRMS (ESI) calcd. for C18H24N5 [M + H]
+ 
310.2026; found 310.2012. 
1.3. Synthesis of 1,7-bis-alkylated-octahydroimidazo[1,2-
a]pyrazine 5a-c 
General procedure B. Formation of the 1,7-bis-alkylated-octahydroimidazo[1,2-
a]pyrazine: A solution of chloroacetaldehyde (1 eq, 45% w/w in water) in MeCN (5 mL per 
mmol) was added dropwise onto a solution of 1,7-bis-alkylated diethylenetriamine (1 eq) and 
K2CO3 (2 eq) in MeCN (5 mL per mmol) under vigorous stirring. The reaction was left to stir 
for 4 h before removing the salt by filtration over a celite pad. The solvent is then removed 
under reduced pressure and the residue is dissolved in a minimum of DCM. The DCM 
solution is added dropwise into a big volume of Ether (20 mL per mmol). The mixture is 
filtered through a sintered glass funnel and the filtrate is concentrated under reduced 
pressure to give the desired product. Repeat purification on the recovered solid/oily phase if 
necessary. 
1,7-dibenzyloctahydroimidazo[1,2-a]pyrazine (5a): The compound 
was synthesized by following procedure B from reactant 4a in its neutral 
form (822 mg, 2.90 mmol). 5a was obtained as yellowish oil (810 mg, 91 % 
yield). 1H NMR (300 MHz, CDCl3) δ 7.46 (m, 10H), 4.02 (d, 1H), 3.71 (s, 2H), 
3.63 (d, 1H), 3.25 (m, 1H), 3.12 (m, 1H), 2.99-2.87 (m, 3H), 2.75 (d, 1H), 
2.53-2.41 (m, 4H), 2.13 (t, 1H). 13C NMR (76 MHz, CDCl3) δ 163.3, 139.3, 
138.1, 129.2 128.5, 128.2, 128.2, 127.0, 126.9, 81.5, 65.9, 62.9, 57.8, 56.7, 51.9, 51.2.  
HRMS (ESI): calcd. for C20H26N5 [M + H]
+ 308.2121; found 308.2108. 
1,7-bis(4-methoxybenzyl)octahydroimidazo[1,2-a]pyrazine (5b): 
The compound was synthesized by following procedure B from reactant 4b 
in its neutral form (3.92 g, 11.4 mmol). 5b was obtained as yellowish oil 
(3.49 g, 93 % yield). 1H NMR (300 MHz, CDCl3) δ 7.23 (m, 4H), 6.84 (dt, 
4H), 3.82 (m, 7H), 3.52 (s, 2H), 3.37 (d, 1H), 3.15 (m, 2H), 2.98 (dt, 1H), 
2.87 (m, 1H), 2.80 (dd, 1H), 2.74 (m, 1H), 2.50-2.37 (m, 3H), 2.31 (td, 1H), 
2.00 (td, 1H). 13C NMR (76 MHz, CDCl3) δ 158.7, 158.6, 131.4, 130.3, 130.1, 129.6, 113.6, 
113.5, 81.5, 62.2, 57.1, 56.6, 55.2 (d), 51.9, 51.1, 50.2, 50.1. HRMS (ESI) calcd. for 
C22H30N5O2 [M + H]
+ 368.2333; found 368.2325.  
1,7-bis(pyridin-2-ylmethyl)octahydroimidazo[1,2-a]pyrazine (5c): The 
compound was synthesized by following procedure B from reactant 4c (11.4 
g, 40.0 mmol). 5c was obtained as yellowish oil (10.31 g, 84 % yield). 1H 
NMR (300 MHz, CDCl3) δ 8.52 (d, 1H), 8.43 (d, 1H), 7.60 (m, 2H), 7.49 (d, 
1H), 7.35 (d, 1H), 7.11 (m, 2H), 3.98 (d, 1H), 3.71 (s, 2H), 3.61 (d, 1H), 3.25 
(m, 1H), 3.12 (m, 1H), 2.99-2.87 (m, 3H), 2.75 (d, 1H), 2.53-2.41 (m, 4H), 
2.13 (t, 1H). 13C NMR (76 MHz, CDCl3) δ 159.6, 158.3, 149.2, 148.7, 136.4 (d), 123.2, 122.7, 
122.0, 121.9, 81.3, 64.3, 56.7, 52.0, 51.4, 50.4, 50.0. HRMS (ESI) calcd. for C18H24N5 [M + 
H]+ 310.2026; found 310.2012. 
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1.4. Synthesis of 4-alkylated 1,7-bis-alkylated-
octahydroimidazo[1,2-a]pyrazin-4-ium halide 6a-c 
General procedure C. Formation of the 4-alkylated 1,7-bis-alkylated-
octahydroimidazo[1,2-a]pyrazin-4-ium halide: Alkylating agent (1 eq) is added to a 
solution of 1,7-bis-alkylated-octahydroimidazo[1,2-a]pyrazine (1 eq) and K2CO3 (2 eq) in 
MeCN (5 mL per mmol) under vigorous agitation. The reaction is left to stir for 18 h before 
removing the salt by filtration over a celite pad. The solvent is then removed under reduced 
pressure and the residue is dissolved in a minimum of DCM. The DCM solution is added 
dropwise into a big volume of Ether (20 mL per mmol). The resulting precipitate is filtered 
through a sintered glass funnel and washed with Ether. Repeat purification on the recovered 
solid/oily phase if necessary. 
4-ethyl-1,7-dibenzyloctahydroimidazo[1,2-a]pyrazin-4-ium 
bromide (6a): The compound was synthesized by following procedure C 
from reactant 5a (305 mg, 1.0 mmol) and ethyl bromide. 6a was 
obtained as yellowish oil (120 mg, 29 % yield). HRMS (ESI) calcd. for 
C22H30N3 [M]
+ 336.2434; found 336.2432. 
4-(2-ethoxy-2-oxoethyl)-1,7-dibenzyloctahydroimidazo[1,2-
a]pyrazin-4-ium bromide (6b): The compound was synthesized 
by following procedure C from reactant 5a (308 mg, 1.0 mmol) and 
ethyl bromoacetate. 6b was obtained as yellowish oil (219 mg, 46 
% yield). HRMS (ESI) calcd. for C24H32N3O2 [M]
+ 394.2489; found 
394.2499. 
4-(2-(benzyloxy)-2-oxoethyl)-1,7-
dibenzyloctahydroimidazo[1,2-a]pyrazin-4-ium bromide (6c): 
The compound was synthesized by following procedure C from 
reactant 5a (310 mg, 1.0 mmol) and benzyl bromoacetate. 6c was 
obtained as yellowish oil (278 mg, 52 % yield). HRMS (ESI) calcd. 
for C29H34N3O2 [M]
+ 456.2646; found 456.2634. 
4-methyl-1,7-bis(4-methoxybenzyl)octahydroimidazo[1,2-
a]pyrazin-4-ium iodide (6d): The compound was synthesized by 
following procedure C from reactant 5b (1.29 g, 3.52 mmol) and methyl 
iodide. 6d was obtained as yellowish oil (1.39 g, 78 % yield). HRMS 
(ESI) calcd. for C23H32N3O2 [M]
+ 382.2489; found 382.2475. 
4-benzyl-1,7-bis(4-methoxybenzyl)octahydroimidazo[1,2-
a]pyrazin-4-ium bromide (6e): The compound was synthesized by 
following procedure C from reactant 5b (1.09 g, 6.0 mmol) and benzyl 
bromide. 6e was obtained as yellowish oil (718 mg, 45 % yield). HRMS 
(ESI) calcd. for C29H36N3O2 [M]
+ 458.2802; found 458.2813. 
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4-(pyridin-2-ylmethyl)-1,7-bis(4-methoxybenzyl) 
octahydroimidazo[1,2-a]pyrazin-4-ium chloride (6f): The compound 
was synthesized by following procedure C from reactant 5b (1.08 g, 
2.95 mmol) and 2-(chloromethyl)pyridine. 6f was obtained as yellowish 
oil (788 mg, 54 % yield). HRMS (ESI) calcd. for C28H35N4O2 [M]
+ 
459.2755; found 459.2726. 
4-(4-methoxybenzyl)-1,7-bis(pyridin-2-ylmethyl) 
octahydroimidazo[1,2-a]pyrazin-4-ium chloride (6g): The compound 
was synthesized by following procedure C from reactant 5c (5.0 g, 16.2 
mmol) and 4-methoxybenzyl chloride. 6g was obtained as yellowish oil 
(3.44 g, 46 % yield). HRMS (ESI) calcd. for C26H32N5O [M]
+ 430.2601; 
found 430.2582. 
 
1.5. Macrocycle opening 
General procedure D. Macrocycle opening using NaBH4: NaBH4 (2 eq) is added in 
small portion to a solution of 4-alkylated 1,7-bis-alkylated-octahydroimidazo[1,2-a]pyrazin-4-
ium halide (1 eq) in abs. EtOH (10 mL per mmol) at rt. The reaction is left to stir for 10-15 
min, monitored by MS, before removing the solvent under reduced pressure. The residues 
were dissolved in a 1M NaOH aqueous solution (10 mL per mmol) and extracted with DCM 
(3 x 10 mL per mmol). The organic phases were combined, washed with a 1M NaOH 
aqueous solution (10 mL per mmol) and dried over Na2SO4. 
General procedure E. Macrocycle opening using NaBH(OAc)3: NaBH(OAc)3 (2 eq) is 
added in small portion to a solution of 4-alkylated 1,7-bis-alkylated-octahydroimidazo[1,2-
a]pyrazin-4-ium halide (1 eq) in DCM (10 mL per mmol) at rt. The reaction is left to stir for 1-2 
h, monitored by MS. The reaction mixture is quenched with in a 1M NaOH aqueous solution 
(10 mL per mmol) and extracted with DCM (3 x 10 mL per mmol). The organic phases were 
combined, washed with a 1M NaOH aqueous solution (10 mL per mmol) and dried over 
Na2SO4. 
General Remarks about 1H NMR of trisubstituted TACN bearing aromatic pendant 
arms: the protons of the inner ring seem to under-integrate compared to the aromatic 
protons. In the following NMR interpretation, the corrected value is given.  
4-ethyl-1,7-dibenzyl-1,4,7-triazacyclononane (3a): The compound 
was synthesized by following procedure D from reactant 6a (120 mg, 0.3 
mmol). 3a was obtained as yellowish oil (88 mg, 90 % yield). 1H NMR (500 
MHz, CDCl3) δ 7.45-7.25 (m, 10H), 3.68 (s, 4H), 2.90 (m, 8H), 2.75 (s, 
4H), 2.59 (q, 2H), 1.08 (t, 3H). 13C NMR (126 MHz, CDCl3) δ 140.4, 129.1, 
128.1, 126.8, 63.2, 55.3, 54.3, 53.4, 51.7, 13.0. HRMS (ESI) calcd. for 
C22H32N3 [M + H]
+ 338.2591; found 338.2598. 
4-(2-ethoxy-2-oxoethyl)-1,7-dibenzyl-1,4,7-
triazacyclononane (3b): The compound was synthesized by 
following procedure E from reactant 6b (220 mg, 0.46 mmol). 3b 
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was obtained as yellowish oil (177 mg, 97 % yield). 1H NMR (500 MHz, CDCl3) δ 7.45-7.20 
(m, 10H), 4.19 (q, J = 7.0 Hz, 2H), 3.69 (s, 4H), 3.44 (s, 2H), 2.98 (m, 4H), 2.91 (m, 4H), 2.81 
(s, 4H), 1.30 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 172.2, 139.9, 129.2, 128.2, 
126.9, 62.8, 60.3, 59.2, 55.4, 55.3, 54.9, 14.4. HRMS (ESI) calcd. for C24H34N3O2 [M + H]
+ 
396.2646; found 396.2666. 
4-(2-(benzyloxy)-2-oxoethyl)-1,7-dibenzyl-1,4,7-
triazacyclononane (3c): The compound was synthesized by 
following procedure E from reactant 6c (280 mg, 0.52 mmol). 3c 
was obtained as yellowish oil (228 mg, 96 % yield). 1H NMR (500 
MHz, CDCl3) δ 7.45-7.20 (m, 15H), 5.18 (s, 2H), 3.68 (s, 4H), 3.50 
(s, 2H), 2.99 (m, 4H), 2.89 (m, 4H), 2.79 (s, 4H). 13C NMR (126 MHz, CDCl3) δ 172.0, 140.1, 
135.9, 129.1, 128.6, 128.3, 128.2, 127.0, 126.8, 66.1, 62.9, 59.1, 55.5, 55.3, 55.1. HRMS 
(ESI) calcd. for C29H36N3O2 [M + H]
+ 458.2802; found 458.2812. 
4-methyl-1,7-bis(4-methoxybenzyl)-1,4,7-triazacyclononane 
(3d): The compound was synthesized by following procedure D from 
reactant 6d (1.39 g, 2.73 mmol). 3d was obtained as yellowish oil (336 
mg, 32 % yield). 1H NMR (300 MHz, CDCl3) δ 7.19 (d, 4H), 6.84 (d, 
4H), 3.77 (s, 6H), 3.68 (s, 4H), 3.23 (m, 4H), 2.96 (m, 4H), 2.68 (m, 4H), 
2.42 (s, 3H). 13C NMR (76 MHz, CDCl3) δ 159.3, 130.6, 129.5, 114.0, 61.3, 55.3, 53.4, 52.9, 
50.3, 42.5. HRMS (ESI) calcd. for C23H34N3O2 [M + H]
+ 384.2646; found 384.2638. 
4-benzyl-1,7-bis(4-methoxybenzyl)-1,4,7-triazacyclononane 
(3e): The compound was synthesized by following procedure D from 
reactant 6e (718 mg, 1.33 mmol). 3e was obtained as yellowish oil (321 
mg, 52 % yield). 1H NMR (300 MHz, D2O of 3 HCl salt of 3e) δ 7.45-
7.28 (m, 9H), 6.91 (d, 4H), 4.71 (s, 3H, NH), 4.08 (s, 4H), 4.01 (s, 2H), 
3.78 (s, 6H), 3.14 (br, 12H). 13C NMR (76 MHz, D2O) δ 159.9, 132.5, 
131.1, 130.7, 129.7, 129.2, 122.6, 114.6, 66.0, 60.7, 55.4, 49.4, 49.1, 49.0. HRMS (ESI) 
calcd. for C29H38N3O2 [M + H]
+ 460.2959; found 460.2946. 
4-(pyridin-2-ylmethyl)-1,7-bis(4-methoxybenzyl)-1,4,7-
triazacyclononane (3f): The compound was synthesized by following 
procedure D from reactant 6f (450 mg, 0.90 mmol). 3f was obtained as 
yellowish oil (328 mg, 76 % yield). 1H NMR (300 MHz, CDCl3) δ 8.54 (d, 
1H), 7.62 (t, 4H), 7.50 (d, 1H), 7.23 (d, 1H), 7.15 (t, 4H), 6.81 (d, 4H), 
3.85 (s, 6H), 3.85 (s, 2H), 3.52 (s, 4H), 2.93 (s, 4H), 2.84 (m, 4H), 2.72 
(m, 4H). 160.2, 158.4, 148.9, 136.2, 132.3, 130.1, 123.2, 121.7, 113.7, 64.7, 62.6, 55.7, 52.3, 
52.1, 51.9. HRMS (ESI) calcd. for C28H37N4O2 [M + H]
+ 461.2911; found 461.2935. 
4-(4-methoxybenzyl)-1,7-bis(pyridin-2-ylmethyl)-1,4,7-
triazacyclononane (3g): The compound was synthesized by following 
procedure D from reactant 6g (2.54 g, 5.45 mmol). 3g was obtained as 
yellowish oil (1.78 g, 76 % yield). 1H NMR (300 MHz, CDCl3) δ 8.52 (d, 
2H), 7.65 (t, 2H), 7.52 (d, 2H), 7.25 (d, 2H), 7.14 (t, 2H), 6.84 (d, 2H), 
3.83 (s, 3H), 3.80 (s, 4H), 3.56 (s, 2H), 2.93 (s, 4H), 2.87 (m, 4H), 2.78 (m, 4H). 13C NMR (76 
MHz, CDCl3) δ 160.7, 158.4, 148.9, 136.2, 132.3, 130.1, 123.2, 121.7, 113.7, 64.7, 62.6, 
55.7 (d), 55.6, 55.2. HRMS (ESI) calcd. for C26H34N5O [M + H]
+ 432.2756; found 432.2739. 
S 8 
 
 
1.6. PMB deprotection  
 
1,4-bis(pyridin-2-ylmethyl)-1,4,7-triazacyclononane (8): 2-
chloroethyl-chloroformate (0.25 mL, 2.5 mmol) is added to a solution of 3g 
(1.0 g, 2.3 mmol) and K2CO3 (640 mg, 4.6 mmol) in DCM (20 mL). The 
reaction is left to stir for 2-3 h, monitored by MS, before filtering over a celite 
pad and then removing the solvent under reduced pressure. The residue 
was dissolved in MeOH (20 mL) and heated to reflux for 15 min. The 
solvent is then removed under reduced pressure and the residue purified by flash 
chromatography (Basic alumina, gradient from 0 to 10 % MeOH in DCM). 8 was isolated as 
an orange oil (265 mg, 37 %). 1H NMR (300 MHz, CDCl3) δ 8.66 (d, 2H), 7.59 (t, 2H), 7.22 
(m, 4H), 3.93 (s, 4H), 3.21 (m, 4H), 3.01 (t, 4H), 2.75 (s, 4H). 13C NMR (76 MHz, CDCl3) δ 
158.2, 149.6, 136.8, 122.8, 122.6, 60.9, 53.1, 49.7, 45.5.  
 
2. NMR spectra of new compounds 
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